by Murray in 1967 analyzed differences between regular and fast walking, and investigated the effects of walking speed on lower limb joints. In their study in 1978, Crowinshield, Brand, and Johnston reported that stride length, leg strength, and hip joint rotational force and range of motion increase as walking speed increases. In addition, Kim, Lee, and Jin (2000) and Vaughan, Langerak, and O'Malley (2003) reported that increased walking speed increases lower limb range of motion and directly affects lower limb movements. Therefore, walking speed and gait asymmetry, which directly cause changes in gait pattern and body movements, should be further investigated.
Walking speed is most commonly measured by using the preferred walking speed method and walking speed measurements that reflect lower limb lengths. The preferred walking speed method measures speed by dividing the distance walked in a straight line on a flat surface by the time it took to walk the distance (Choi, Kang, & Tack, 2011; Soong, Lovie-Kitchin, & Brown, 2000) . By contrast, walking speed measurements that reflect lower limb lengths involve the use of the Froude number, which is derived from the pendulum model, and measure walking speed that reflects both lower limb lengths and gravitational acceleration (Alexander & Jayes, 1983; Choi et al., 2011; England & Granata, 2007; Vaughan & O'Malley, 2005) . The fundamental research by Choi et al. in 2011 investigated walking speed by using the two aforementioned methods and reported significant differences between the preferred walking speed method and the walking speed measurements that reflect lower limb lengths. The differences were inferred to be due to the fact that preferred walking speed largely varies depending on individual physical traits, habits, and personality. Hof (1996) and Lee (2014) reported that it is difficult to determine whether differences in gait pattern, including walking speed, are caused by sex-related factors or physical traits such as weight and height. The studies also mentioned that physical traits such as weight and height should always be converted to standardized values prior to comparison. The present study is significant because it investigated differences between the most commonly used preferred walking speed method and walking speed measurements that reflect not only lower limb lengths but also gait parameters and asymmetry magnitude. The purpose of this study was to investigate the asymmetry and differences in gait parameters between the preferred walking speed and leg length-applied walking speed.
METHODS

Subjects
Taking into account effect size (0.5), statistical power (0.95), and p value (0.05), 50 adult men in their twenties who had no history of orthopedic diseases were selected as subjects. The anthropometric information of the participants is shown in (Table 1) .
Experimental procedure
To investigate differences between preferred walking speed and leg length-applied walking speed, both walking speeds were calculated. As shown in (Figure 1 ), preferred walking speed was determined by having the participants walk a 50-m-long straight path 3 times in their usual walking speed and by calculating their average speeds (Choi et al., 2011; Soong et al., 2000) . Leg length-applied walking speed was determined by using gravitational acceleration, leg lengths, and a Froude number of 0.25. Leg length was measured by measuring the height of the greater trochanter in the standing position (Alexander & Jayes, 1983; Choi et al., 2011; England & Granata, 2007; Vaughan & O'Malley, 2005) . The Froude number was set at 0.25, which was the optimal Froude number for walking speed calculation according to Vaughan and O'Malley (2005) . 
Data processing
The Qualisys Track Manager software (Qualisys, Sweden) and Matlab
R2014b software (The MathWorks, Inc., USA) were used to analyze gait parameters and asymmetry. The nonlinear transformation (NLT) method was used to convert the reflective marker coordinates into three-dimensional coordinates. To eliminate noise, the recordings were smoothed by using a Butterworth second-order low-pass filter at a cutoff frequency of 6 Hz.
Analysis variables 1) Gait parameters
The step length, stride length, stride time, double-and single-support percentage, two-dimensional angles, and range of motion of the lower limb joints and cadence, which were produced while walking on the treadmill at the two walking speeds, were calculated. The direction of the lower limb joint angle was classified as either counterclockwise (+) and clockwise (-).
2) Symmetry index
Excluding cadence, all the variables in both feet were used to calculate the asymmetry index (Kim & Eng, 2003; Robinson, Herzog, & Nigg, 1987) . A symmetry index (SI) close to 0% signifies bilateral symmetry, with a range of up to 200% (Kim & Eng, 2003) .
XR = right leg, XL = left leg
Statistical processing
In this study, SPSS Ver. 18.0 software (IBM, USA) and paired t test were used to investigate the differences between preferred walking speed and leg length-applied walking speed. The significance level was set to 0.05.
RESULTS
Gait variables and differences in lower limb joint angles between the preferred walking speed and leg length-applied walking speed were analyzed. To determine the magnitude of asymmetry, walking speed, step length, stride length, stride time, double-and single-support percentage, and leg joint range of motion were analyzed and the asymmetry index was calculated.
Gait parameters
Although the preferred walking speed was 1.43 ± 0.16 m/s and the leg length-applied walking speed was 1.48 ± 0.04 m/s, no statistically significant differences were observed ( Table 2) 32.39% ± 2.73% and 33.65% ± 3.51% for the preferred and leg lengthapplied walking speeds, respectively, which are significantly different at p = 0.048.
Lower limb joint angle
When the heel contacted the ground, the joint angle of the right hip joint was 25.52° ± 3.13° at the preferred walking speed and 26.17° ± 2.76° at the leg length-applied walking speed (Table 3 ). The joint angle of the left hip joint was 25.21° ± 3.40° at the preferred walking speed and 26.77° ± 3.61° at the leg length-applied walking speed, with sig- 36.51° ± 3.39° at the preferred walking speed and 37.89° ± 2.88° at the leg length-applied walking speed. The left leg joint range of motion at the standing phase was 36.48° ± 3.68° at the preferred walking speed and 37.54° ± 3.08° at the leg length-applied walking speed.
Significant differences were observed for the right (p = 0.000) and left leg joints (p = 0.011). The right leg joint range of motion at the swing phase was 28.75° ± 3.86° at the preferred walking speed and 30.21° ± 4.04° at the leg length-applied walking speed. The left leg joint range of motion at the swing phase was 27.80° ± 3.97° at the preferred walking speed and 29.28° ± 3.82° at the leg length applied walking speed. Significant differences were observed for the right (p = 0.003) and left leg joints (p = 0.005). The right knee joint range of motion was 65.69° ± 3.78° at the preferred walking speed and 67.86° ± 3.75°
at the leg length-applied walking speed. The left knee joint range of motion was 65.59° ± 4.06° at the preferred walking speed and 67.57° ± 3.80° at the leg length-applied walking speed. Significant differences were observed for both the right and left leg joints (p = 0.000).
Bilateral SI
The magnitude of asymmetry was calculated by using step length, stride length, stride time, double-and single-support percentages, and ranges of motion of the hip, knee, and the ankle joints at the standing and swing phases. No statistically significant differences in the SIs of all the variables were observed between the preferred and leg lengthapplied walking speeds (Table 4) .
DISCUSSION
The purpose of this study was to investigate differences in lower limb joint angles, bilateral asymmetry, and gait parameters between preferred and leg length-applied walking speed.
The preferred walking speed was 1.43 ± 0.16 m/s, and the leg lengthapplied walking speed was 1.48 ± 0.04 m/s. Although no statistically significant differences were observed, leg length-applied walking speed was relatively greater than the preferred walking speed. The preferred walking speed determined in this study was similar to the 1.39 m/s reported by Skinner and Barrack in 1990 and the 1.43 m/s reported by Perry in 1992. In their study, Choi, Kang, Mun, Bang, and Tack (2010) analyzed kinematic differences in gait between adults and seniors and reported preferred a walking speed of 1.44 m/s. As the average height of subjects in the above-mentioned study was 174.3 cm, the preferred walking speed of 1.43 m/s observed in the present study is inferred to be within the standard speed range. However, the study by Kim and Yoon in 2009, which aimed to collect standardized data on Koreans' normal walking, reported that the average walking speed of 73 adult participants was 1.21 m/s, which is relatively slow. This result could be due to the fact that their average height was 166.7 cm and the average leg length was 85.4 cm. Therefore, we can infer that height and leg length directly affect walking speed.
Step and stride lengths were observed to be greater at the leg length-applied walking speed than (Crowinshield et al., 1978) . The knee joint range of motion at the swing phase was relatively wider at the leg length-applied walking speed. The findings coincide with the results of the studies by Kim et al. (2000) and , which reported that increased walking speed widens the leg joint range of motion and directly affects leg joint movements. However, no significant differences Although the SI showed no statistically significant differences for all the variables, the SIs of all the variables, excluding hip joint range of motion, were relatively smaller at the leg length-applied walking speed.
The findings coincide with the results of the studies by Roth et al. in 1997 , Patterson et al. in 2008 , and Nam et al. in 2010 that the SIs of the gait parameters increased with decreased walking speed. Although no significant differences were observed in the SIs between the two walking speeds in this study, further study on SIs at different walking speeds is necessary. Sadeghi et al. (2000) and Echeverria et al. (2010) observed asymmetry in non-handicapped individuals due to the difference in functions between the two feet and a SI of around 10%. In this study, single-and double-leg-support percentages and the ankle joint range of motion at the swing phase were wider than 10%. A SI greater than 10% signifies asymmetry and increases the probability The standard deviation of the gait parameters was relatively smaller at the leg length-applied walking speed. Further study should be conducted on the coefficient of variation to determine whether leg lengthapplied walking speed induces consistent walking. Lee and Cho (2015) studied the effects of biofeedback on gait parameters by using real time feedback monitors on treadmills and reported that real time feedback decreases bilateral asymmetry and promotes coordination between the segments. If real time feedback is applicable through everyday small devices such as a smartphone, it could be highly effective for rehabilitation or gait correction.
CONCLUSION
This study was conducted to investigate the magnitude of asymmetry, and differences in gait parameters and leg joint angles between the preferred and leg length-applied walking speeds. Preferred and leg length-applied walking speeds were measured in 50 adult subjects, and 30 strides were analyzed. The gait parameters and leg joint angles were analyzed, and SIs were calculated. The following conclusions were made: First, step and stride lengths were greater at the preferred walking speed, while the single-leg-support percentage of the right foot was higher at the leg length-applied walking speed. Second, the hip joint angles at heel contact and toe-off were greater at leg length-applied walking speed than at the preferred walking speed. The ranges of motion of the hip joint at the stance and swing phases were large. In addition, the knee joint range of motion at the swing phase was wider at the leg length-applied walking speed.
Therefore, faster speed at leg length-applied walking speed directly affects leg joint movements by increasing step length, stride length, and leg joint range of motion. 
